We report the present status and perspectives of the feasibility study to detect cosmic neutrinos acoustically in the Lake Baikal. The results of background studies are presented. It was shown that most of the detected neutrino-like pulses come from the lake surface. This fact has been used in the project of an acoustic prototype detector that consists of compact Acoustic Sensor Modules with 4-channel antennas each, arranged above the Baikal Neutrino Telescope at shallow depths and ''listening'' the deep-water layers of the lake.
Introduction
Fifty years have passed since M. Markov proposed to build an optical Cherenkov array in ocean to search for high energy astrophysical neutrinos [1] . In 1998 the first underwater neutrino Cherenkov detector NT200 was constructed in the lake Baikal [2, 3] . Other large scale Cherenkov neutrino telescopes AMANDA/IceCube [4] at the South Pole, ANTARES [5] in the Mediterranean Sea were put in operation later. The Baikal collaboration follows since several years a R&D program for a km 3 scale water detector (Baikal-GVD) in the Lake Baikal [6] . The most recent milestones of the project were the construction and installation of new technology prototype strings in 2008-2010 years [7] . The main scientific goal of IceCube, Baikal-GVD and other km 3 volume detectors is to search for high energy astrophysical neutrinos. Other topics include the indirect search for dark matter by searching for neutrinos produced in WIMP annihilation in the Sun or in the center of the Earth. The km 3 volume detectors can also be used to search for exotic particles like magnetic monopoles, super-symmetric Q-balls or nuclearites. The volume of the detectors to search for UHE astrophysical neutrinos should be probably much more than one cubic kilometer and far beyond the limits of reasonable size for an optical Cherenkov underwater/underice array. Back in 1957, Askaryan has shown that a high-energy particle cascade in water, besides the Cherenkov radiation, should also produce an acoustic signal [8] . The potential of the acoustic neutrino detection [9, 10] is based on the fact that the absorption length for acoustic waves in the frequency range of 5-30 kHz (the optimal range for acoustic signals from a shower) in sea water is at least an order of magnitude larger than that of Cherenkov radiation. In the fresh Baikal water this ratio is even close to 100 [11] . The second fact that is favorable for the detection of acoustic signals from cascade showers at distances of hundreds of meters, or even at such long distances as several kilometers, is that the amplitude of pulses produced by showers in the near-field zone decreases only as the square root of distance, while in the far-field zone it decreases, as the reciprocal of distance from the shower [9, 10] . Therefore, in principle, a deep-water acoustic detector of high-energy neutrinos can have a much smaller number of measuring channels than of a optical Cherenkov detector with the same effective volume. The possibility of acoustic detection of high-energy neutrinos and the energy detection threshold depend actually on the following factors: (1) the amplitude and the other parameters of acoustic signal caused by the interaction of a neutrino or other UHE particle with water, (2) the characteristics of ambient acoustic noise in a given water basin, and (3) the hardware and software capabilities for the detection and separation of the signals from ambient acoustic noise.
In this paper we review the present status and the first results of our activities towards the development of an acoustic neutrino detector in the Lake Baikal.
Acoustic signal caused by the interaction of a neutrino in Baikal water
The pressure P(r,t) of an acoustic signal from a cascade of relativistic particles in a point r and time t is described by a wave equation with a so called ''thermo-acoustic'' source term:
where q(r,t) is the energy deposition density along the cascade, r the water density, c s is the adiabatic and non-dispersive speed of sound, G is the Gruneisen parameter:
where a is the thermal expansion coefficient, and C p is the heat capacity. The acoustic pulse intensity at different sites and depths in a basin is given by the dimensionless Gruneisen parameter which value depends on the water temperature, its hydrostatic pressure and salinity. The depth dependence of c s in a vertically stratified medium (left hand plot on Fig. 1 ) leads as well to refraction effects for the wave-front discussed further in Section 3. The Gruneisen parameter and therefore the acoustic signal strength increases with salinity, temperature and pressure, the last increases with depth. Examples of the depth dependence of G are given in Fig. 1 (right) for Mediterranean Sea and Lake Baikal conditions. Due to the high salinity and the extraordinary warm temperature of water at large depth, close to 13 1C in Mediterranean Sea, the Gruneisen parameter is by a factor of 10 larger than that in fresh and cold Lake Baikal water, where in the deep zone the water temperature is 1.5-21 larger than the temperature of maximum density at corresponding depth. This is a rather unfavourable condition for acoustic neutrino detection in the Lake Baikal because the expected strength of the acoustic emission should be by the same factor of 10 less compared with the Mediterranean Sea. Nevertheless, the possibility of acoustic detection of UHE neutrino and energy threshold of an array depend not only on signal amplitude but as well on absorption, ambient noise and its reduction efficiency, on signal processing techniques, etc.
The solution of Eq. (1) for pressure P(r,t) at the point r and time t of acoustic signal from a cascade of relativistic particles is given by Kirchhoff integral:
The crucial point for the computation of this integral is a model for the energy deposition along the cascade, hence to get parameters of acoustic signal one should study the development of UHE underwater showers. Since experimental data on the interactions of such high energy particles do not exists it is necessary to use a theoretical model for the shower or to simulate it. In the pioneering papers of Askaryan et al. [9] and Learned [10] , rather simple models of instantaneous heating of water volume were used. Now such studies rely mostly on Monte Carlo simulations and/or extrapolations from low-energy experimental data. The most extensive ultra high energy simulation program which has so far been developed is CORSIKA [13] . Originally this program has been used only for the simulation of cosmic ray air showers. In the paper of Ref. [14] CORSIKA was adopted to calculate showers produced by neutrino interactions in sea water at energies up to 10 21 eV. Since the salt component of the water has a negligible effect on the signal we used the CORSIKA parametrization of the ACoRNE Collaboration [14] to calculate the energy deposition density q(r,t) for Baikal water. Fig. 2 illustrates the distribution of energy deposition density q(r,t) in Baikal water. The resultant acoustic signal at any point is the sum of contributions from all points of the shower with corresponding amplitudes and time delays. Number of shower sample points versus sound propagation time from a shower point to a point of observation located in the energy maximum plane (the plane normal to shower axis where maximal energy of a shower is released) is shown on Fig. 3 . Fig. 4 shows the time profile and frequency spectrum of an acoustic pulse at the distance of 1 km from a neutrino induced cascade with energy 10 20 eV at 1 km depth in Baikal water, as simulated with our MC. Taking into account the non-uniform energy deposition density in the shower calculated with the MC code [14] results in a wider pulse spectrum and a shift to lower frequencies compared with the classical papers [9, 10] . Fig. 5 shows a very steep dependence of the peak pressure in the acoustic pulse with the angle from the energy maximum plane at 1 km from the shower. Due to the slow decrease of the pulse amplitude with distance and its sharp angular dependence, the optimal distribution of antennas for an acoustic neutrino detector should be quasi two-dimensional, in contrast to the three-dimensional arrangement of optical detectors in an underwater Cherenkov neutrino telescope. In other words, the hydrophones should be positioned on the same plane, predominantly on a horizontal plane-or close to a plane distribution, since for practical reasons it is rather difficult to obtain a strictly horizontal array geometry.
Effect of refraction on the propagation of acoustic signals
The dependence of the sound speed with the water depth leads to refraction phenomenon, i.e. distortion of the signal trajectories. True direction reconstruction of a source position can be performed via inverse traceability in the geometrical acoustic approximation. The algorithm is realized by an iterative procedure to determine the direction of the ray from the detector point location to the source point location with a given accuracy. This approach has been proposed in detail by Boyles [12] . In good approximation the speed of sound in the Lake Baikal starting from depth 100 m increases linearly with water depth:
where H is depth in meters and c s in m/s. Fig. 6 shows the effect of refraction on the trajectories of acoustic signals recorded by a detector located at depth of 200 m in the Lake Baikal. It is clearly seen, that signals with arrival angles at the detector from 01 up to 1311 zenith may originate from sources located at the lake surface, and some even far away from the detector (taking the depth of the lake of about 1400 m into account).
Background for acoustic neutrino detection on Lake Baikal
The feasibility of acoustic neutrino detection at a site depends on some traditionally investigated statistical characteristics of ambient noise like: the acoustic noise floor in the relevant bandwidth and its variations, the noise power spectral density and the slope of spectra. In addition, the sensitivity of an acoustic particle detector depends to a large extent on the density and the distribution of sources producing ''neutrino-like'' bipolar pulses, and on the rate of such background signals.
To study noise from a wide range of sources in the Lake Baikal we have constructed an autonomous hydro-acoustic recorder with two input channels [15] and a digital hydro-acoustic module with four input channels, arranged on the corners of a regular tetrahedron, with an edge length of 1.5 m [16] . Long term monitoring of ambient noise with the instruments shows that noise power spectral density in the Lake Baikal decreases with a slope of spectra of about 5-6 dB/octave on average (see Ref. [15] for details). Noise level in the lake mostly depends on surface conditions because of weak attenuation of high-frequency acoustic waves in fresh water. In stationary and homogeneous meteorological conditions the RMS of the integral noise power in the relevant frequency range 5-20 kHz reaches levels as low as 5 mPa as it is seen from Fig. 7 .
To determine the properties of ambient noise as the background against which neutrino induced cascades should be detected, we investigated the amplitude-time characteristics of Baikal noise in the high-frequency spectral region. Several years of study of the acoustic noise have shown, that the background for the acoustic detection of high-energy showers is primarily represented by transient noise with small pulse durations [15, 17] . Taking into account that the main part of background sources (waves, wind, rain, ships, biological sources and so on) are concentrated near the surface of the basin, we have installed a hydro-acoustic module with four input channels at a depth of 150 m (at one of the moorings of NT200 + ) for long term monitoring of the ambient noise. In this way we watch acoustically the water body from top-down. Fig. 8 shows for reconstructed acoustic events the distribution of azimuth versus zenith angles. For all of the about 7000 reconstructed bipolar acoustic events we find arrival directions of zenith o 100 3 , i.e. they originate from sources located in the top zone of the Lake (note: pulses slightly below horizon with zenith 490 3 are expected due to refraction). Only a single event is reconstructed as occurring in the deep part of the lake. This event has a zenith angle of 176 3 and is clearly isolated in Fig. 8 . The corresponding four hydrophone signals are shown in Fig. 9 .
More information about the position and the properties of sources of neutrino-like pulses will be available with a grid of rather compact acoustic detectors arranged at shallow depths (100-200 m for Lake Baikal). An R&D program to develop a prototype acoustic detector for high energy neutrinos has been started in 2009. The main features of the project are presented in the next section.
A prototype acoustic detector for high energy neutrinos
The idea of acoustic neutrino detection is in that cascades, generated by neutrino interactions in water, should produce bipolar acoustic transients. The expected pulse duration is of the order of several tens of microseconds. Most of the acoustic signal energy is concentrated within a disk, the axis of which coincides with the axis of the cascade. This feature can be used to search for such signals.
Devices capable of detecting definitely shaped signals and to interpret them in the terms of plane wave, generated by a quasilocal source, are expedients to use as an elementary unit of the acoustic neutrino detector. We will name the devices-Acoustic Sensor Module (ASM).
During the upcoming years we intend to deploy in the Lake Baikal a prototype acoustic neutrino detector. It will consists of a minimum of three strings. Each string will have four ASM at depths 125, 150, 175 and 200 m. To extract weak ''neutrino-like'' pulse signals from the background and to reconstruct a direction on a pulse source each ASM will be equipped with antenna with four hydrophones. The optimum distance between the hydrophones is defined by the condition that it must surely exceed several wavelengths of the expected signal, but, on the other hand, it should not be too long in order to minimise the number of background transients captured by the ''time window'' (see below). So, we arranged the hydrophones in a pyramid-like geometry with equal distances between the hydrophones of about 1.5 m (Fig. 10) .
As the sensors we use special waveguide hydrophones (Fig. 10 ) which have a rather high and flat sensitivity in frequency bandwidth 10-30 kHz, where a large part of the acoustic energy of the pulse from the shower is concentrated. Waveguide hydrophones have a high sensitivity in a cone of the order of 901 only and rather small sensitivity in the opposite direction (Fig. 11) . The latter allows to decrease the influence of the background produced by near-surface sources. Fig. 12 gives a schematic view of the ASM. Preamplifiers with 20 dB gain factor are integrated with sensors. The first preamplifier stage is based on chip AD743 with FET-head end, AD743 have a ultra low noise current 6.9 fA. The second preamplifier stage is based on the OPA1632DGN chip-a full differential amplifier. At 9 . The acoustic event reconstructed as upward ''neutrino-like'' (see Fig. 8 ), raw pulse traces (channels [1] [2] [3] [4] .
this stage single-ended signal is transduced to differential-mode signal for anti-jamming of transmission via signal cables. For further amplification of the signals we use audio operational amplifier PGA2500 with differential output and software programmable amplification. In the range 0-3 kHz, the relative amplification is lowered by 40 dB per octave in order to suppress low frequency noise. High-frequency roll-off starts at 50-60 kHz. Bandpass flatness in the band 4-50 kHz is less then 3 dB. The signals are digitized by the 24-bit/192 kHz over sampling Texas Instruments four channels sigma delta ADC-PCM4204. To decrease raw data flow to shore, the data are pre-processed in situ by the digital signal processors OMAPL138.
For inter communication between ASM and the socket center of the detector a PICOe-Atom computer is used. Fig. 13 shows the communication scheme of the detector. A LAN controller with N ports with Power over Ethernet support allows to use same cables for signal and for power thus reducing the number of connections needed. 6. In situ algorithm for search of ''neutrino-like'' acoustic signals
The detection algorithm has two main tasks. The first is to detect signals with level higher than the given threshold. The second is to dynamically correct detection threshold relying on current statistical characteristics of ambient sound. The program distinguishes the following properties of the signals: their coordinates within time series, their duration, the number of periods, the maximal amplitude etc. Transients are classified by these parameters and the information about them is stored in corresponding dynamic arrays.
Filtration procedure: Events satisfying the condition Dt ij o kt max for every Dt ij ¼ t i Àt j will be accepted. Here t i is the signal detection time in i-th acoustic channel, t max ¼ L=c s is the time of sound propagation between hydrophones, L is the distance between two neighboring hydrophones, c s the sound velocity at the depth where the antenna is placed, and k ¼ 1:2 is the tolerance for Dt ij estimation.
Direction estimation:
At the final step, we obtain direction angles y, f by minimisation of a functional Sðy,fÞ:
where t i is the expected start point of a signal in time series;t i the measured start point; r 0 the pyramid centre position in the chosen system of coordinates; t 0 the propagation moment of a sound wave through a point r 0 ; s
the measurement deviations of time coordinates; nðy,fÞ the vector normal to the acoustic front.
It was developed a hydrophone based bipolar signals transmitter for calibration purposes. The transmitter was installed underwater at a distance of 50 m from the ASM antenna. About 2000 events were recorded and processed further by a correlation analysis procedure. 
Summary and outlook
Acoustic neutrino detection in the Lake Baikal and in other natural reservoirs is far from being trivial due to high level of background noise. Comparison of results of acoustic pulse characteristic calculations and properties of noise in Lake Baikal shows that energy threshold for neutrino detection in the lake should be of order 10
19 -10 20 eV. Taking into account that sources of background including neutrino-like short pulses are concentrated at near-surface zone we suggest an acoustic detector design that is based on the deployment of a grid of Acoustic Sensor Modules with rather compact antennas arranged at shallow depths (100-200 m for Lake Baikal). These antennas select signals from the bottom of the lake. R&D of a prototype cluster of an acoustic neutrino telescope in the Lake Baikal has been started this year. In March 2011 we plan to install the first mooring with four second generation Acoustic Sensor Modules equipped by antenna with four hydrophones.
